The rates of RNA decay and transcription determine the steady-state levels of all messenger RNA and both can be subject to regulation. Although the details of transcriptional regulation are becoming increasingly understood, the mechanism(s) controlling mRNA decay remain unclear. In yeast, a major pathway of mRNA decay begins with deadenylation followed by decapping and 59-39 exonuclease digestion. Importantly, it is hypothesized that ribosomes must be removed from mRNA before transcripts are destroyed. Contrary to this prediction, here we show that decay takes place while mRNAs are associated with actively translating ribosomes. The data indicate that dissociation of ribosomes from mRNA is not a prerequisite for decay and we suggest that the 59-39 polarity of mRNA degradation has evolved to ensure that the last translocating ribosome can complete translation.
In eukaryotic cells, mRNA is predominately degraded by two alternative pathways that are both initiated by shortening of the 39 polyadenosine tail (deadenylation). After deadenylation, either the 59 7mGpppN cap is removed (decapping) and the message is digested exonucleolytically 59-39 or the transcript is destroyed 39-59 by the cytoplasmic exosome 1 . The two mechanisms of mRNA decay together determine basal mRNA levels, thereby significantly contributing to overall gene expression.
Translation is postulated to be a key determinant in controlling mRNA decapping 1 . The translational initiation complex eIF-4F occupies the cap during translation, which suggests that its binding must be antagonized and translational repression must ensue before decapping can occur [1] [2] [3] [4] . This hypothesis is supported by several observations. First, translational initiation rate is inversely proportional to decapping rate 3 . Second, the decapping regulators Dhh1p and Pat1p are translational repressors and their role in promoting mRNA decapping is partly a function of this activity 5, 6 . Third, mRNA decapping can occur at an unquantified level in ribosome-free cellular foci, termed P-bodies 2 . Collectively, a two-step model for mRNA decay has been proposed where ribosome dissociation is a necessary first step before mRNA decapping [1] [2] [3] [4] .
Deadenylated mRNA remains on polyribosomes
The aforementioned model for mRNA decay predicts that after deadenylation but before decapping a ribosome-free state exists [1] [2] [3] [4] . We reasoned that in a decapping-defective cell (dcp2D), deadenylated RNA would accumulate in this ribosome-free state. We used sucrose density gradients to survey mRNA ribosome association in wild-type and decapping-defective cells (dcp2D). Greater than 90% of total cellular mRNA is analysed by this method (data not shown), and ribosome-free ribonucleoprotein (RNP) structures can be clearly separated from polyribosomes ( Supplementary Fig. 2c ). As predicted, inhibition of decapping did result in accumulation of deadenylated mRNA ( Supplementary Fig. 2a , b, f); however, the mRNAs continued to sediment deep into a sucrose gradient even when deadenylated ( Supplementary Fig. 2d, g, h) . In fact, the sedimentation profiles of several mRNAs in dcp2D cells were indistinguishable from those in wild-type cells ( Supplementary Fig. 2d, g, h) . The rapid sedimentation of these RNAs could occur either because they were sequestered in heavy particles (perhaps P-bodies) 1,2 or because they were associated with ribosomes. The fact that sedimentation correlated with the length of the open reading frame (ORF) ( Supplementary Fig. 2d , g, h) strongly suggested that the mRNAs were ribosome associated (see below).
Decapped mRNAs are found on polyribosomes Because deadenylated mRNAs are the substrates for decapping 3 we also assessed the sedimentation profiles of decapped RNAs. This was done in cells defective for the 59-39 exonuclease (xrn1D). In these cells a stable decapped decay intermediate shortened by two nucleotides accumulates (indicated by '2cap'; Fig. 1a ) and can be detected by using quantitative primer extension analysis ( Supplementary Fig.  10 ) [7] [8] [9] . Interestingly, the decapped intermediate showed the same sedimentation profile as the deadenylated RNA ( Fig. 1a versus Supplementary Fig. 2 ); most (83-95%) decapped mRNA being present in polyribosomes ( Fig. 1a, d ). To determine whether the decay intermediate was associated with ribosomes, we took four approaches. First, introduction of a premature termination codon that shortened the ORF of PGK1 by 393 codons resulted in a dramatic shift to significantly lighter fractions ( Fig. 1b, c) . Second, introduction of a stem-loop to limit translation 5 caused a shift towards the top of the gradient both for capped and uncapped mRNAs ( Fig. 1c ). Third, treatment with EDTA (known to dissociate ribosomes) shifted the sedimentation to the top of the gradient (Fig. 1c ). Finally, we showed that decapped mRNAs were associated with ribosomes by ribosome immunoprecipitation 10 ( Supplementary Fig. 3 ).
To investigate ribosome-associated decapping further and to exclude the possibility that decapping had occurred before initiation of protein synthesis, we took a transcriptional-pulse chase approach using the PGK1 mRNA reporter 9 . Using a circularization-based PCR with reverse transcription (cRT-PCR) 11 analysis, we noted that decapped RNA started to appear around 60 min after initiation of transcription ( Fig. 2a-c ). Separation of cell lysate into non-translating and polyribosome-associated fractions indicated that when decapping is initiated at 60 min, most decapped mRNA was polyribosome associated ( Fig. 2d ). To exclude further the possibility that association of uncapped mRNA with polyribosomes is a consequence of reloading ribosomes, we used a transcriptional shut-off approach 3 with the PGK1 reporter and monitored decapping using primer extension analysis. Transcription was arrested and further translation was blocked by addition of cycloheximide. Because cycloheximide inhibits ribosome elongation, newly initiated strands would be arrested at 80S (ref. 12) . Strikingly, mRNAs trapped on ribosomes continued to be decapped until greater than 50% was achieved after 120 min ( Fig. 2e , f). In the absence of cycloheximide, the bolus of newly decapped mRNA sediments to the top of the gradient by 120 min (Fig. 2g ), indicating that ribosomal run-off ensued. These results clearly show that decapping can occur when mRNAs are associated with actively translocating ribosomes.
Wild-type decapping is co-translational
The foregoing studies were all conducted in xrn1D cells to allow for the enrichment of decay intermediates. To detect decay intermediates in wild-type cells, we designed a reporter with ten consecutive rare codons (PGK1 RC ; Fig. 3a ). We reasoned that the presence of rare codons might slow ribosome transit 13 and result in accumulation of decapped, ribosome-associated decay intermediates 14 . Importantly, the PGK1 RC reporter's decay is dependent on decapping and is not a major substrate for No-Go mRNA decay ( Supplementary  Fig. 4 ) 15 . We analysed the PGK1 RC reporter on sucrose gradients and detected decay intermediates using high-resolution polyacrylamide gel electrophoresis (PAGE) followed by northern blot. Notably, using a 39 end-specific probe, decay intermediates of about 500 nucleotides were detected in the region of the gradient associated with a single ribosome (that is, 80S; Fig. 3b ). In addition, mRNA intermediates of increasing length were also detected in polyribosome fractions and their size correlated well with possible ribosome occupancy ( Fig. 3b ). Addition of formaldehyde before cell lysis was used to ensure that the decay intermediates were generated in vivo ( Fig. 3b ); however, similar fragments were seen without formaldehyde treatment ( Supplementary Fig. 6a ). A probe complementary to the 59 end of the mRNA failed to detect decay intermediates, which confirmed that the truncated mRNA was trimmed from the 59 end ( Fig. 3b and Supplementary Fig. 5 ). Most importantly, polyribosome-associated decay intermediates were lost in dcp2D and xrn1D mutants ( Fig. 3c and Supplementary Fig. 6b ), which indicates their formation requires mRNA decapping and 59-39 exonucleolytic digestion. Moreover, the PGK1 RC mRNA decay fragments were not a result of No-Go decay 15 ( Supplementary Fig. 6c ).
We used four experiments to demonstrate that the sedimentation pattern of the PGK1 RC mRNA decay intermediates is a result of polyribosome association. First, we inhibited translation of the mRNA. Insertion of a stem-loop structure into the 59 untranslated region (SL-PGK1 RC ; Supplementary Fig. 7a ) shifted the full-length mRNA to the top of the gradient, and no decay intermediates were detectable deep in the gradient ( Supplementary Fig. 7b ). Second, we terminated ribosome elongation before rare-codon recognition by introduction of a stop codon upstream of the rare codon stretch (PGK1 PTC-RC ; Supplementary Fig. 7a ). This experiment was performed in upf1D cells to prevent nonsense-mediated decay 16 . Terminating ribosome translocation before the rare codons completely inhibited the formation of polyribosome-associated decay intermediates ( Supplementary Fig. 7c compared with d) . Further demonstrating that ribosome recognition of the rare-codon stretch is required, repositioning the rare codon stretch within the PGK1 ORF resulted in a predictable size shift in polyribosome-associated decay fragments ( Supplementary Fig. 8 ). Finally, we performed affinity purification of polyribosomes 10 and demonstrated that the decay fragments are ribosome bound ( Supplementary Fig. 9 ). In sum, these data strongly demonstrate that decapping can be detected on polyribosomes in wild-type cells if translational elongation is slowed in cis.
Endogenous mRNAs are decapped on polysomes
The foregoing experiment used a reporter harbouring rare codons.
To determine whether endogenous mRNAs in wild-type cells were also decapped when associated with ribosomes, we developed a splinted ligation assay followed by RT-PCR (Fig. 3d ). The RNA ligation mediated by the DNA splint is sequence specific 17 , thereby allowing us directly to detect the transient product generated by the decapping reaction (that is, an RNA with 59 phosphate). Using this assay, decapped products from endogenous PGK1 and RPL41A mRNA were detected in wild-type cells ( Fig. 3e) . A product was not detected in dcp2D cells ( Fig. 3e ), which indicates that formation requires decapping in vivo. Consistent with this, in vitro removal of the 59 cap by tobacco acid pyrophosphate resulted in detection of RT-PCR products both in wild-type and dcp2D cells ( Fig. 3e ). Together, these data indicate that the splinted ligation/RT-PCR assay monitors 59 decapping. We performed this assay on RNA recovered from sucrose gradient fractions of wild-type cell lysate, and found that the decapped mRNAs from endogenous PGK1 and RPL41A were predominately detected on polyribosomes (Fig. 3f) . Notably, the sedimentation pattern of the decapped mRNA correlates with the total mRNA detected by northern blot (Fig. 3f ) and mRNA ORF length (Fig. 3f ). Consistent with our earlier findings (Fig. 2) , the sedimentation of decapped mRNA on polyribosomes is unlikely to be a result of ribosome reloading because the decapped intermediate is exceptionally transient in a wild-type cell. Collectively, these data indicate that in wild-type cells, endogenous mRNAs are decapped on polyribosomes.
Conclusions and perspective
In sum, we have shown that decapping and 59-39 degradation of mRNA can occur when the transcripts are associated with actively translating ribosomes ( Supplementary Fig. 1 ). Co-translational degradation of mRNA has been previously hypothesized 18, 19 . Here we experimentally demonstrate this hypothesis and show mRNA remains associated with active ribosomes during the process of mRNA decapping and exonucleolytic degradation. The data clearly indicate that sequestration into a ribosome-free state (for example, P-bodies) is not a prerequisite for initiation of mRNA decay. These findings are consistent with the demonstration in yeast, Drosophila and humans that mRNA metabolism can be uncoupled from P-body formation 6, [20] [21] [22] . Moreover, they also help to explain why decay factors (for example hDCP2 and Xrn1p) have been found to co-sediment with polyribosomes 19, 23 . Our findings raise several interesting mechanistic questions, for instance how mRNA half-lives are determined in the context of ongoing translation. Moreover, it is unclear how the decapping machinery associates and functions on an actively translating mRNA. Interestingly, it has previously been proposed that decapping regulators promoted a ribosome-free state 1, 2, 5, 6 ; it now seems likely that they function in response to as yet unknown cues to render the cap more accessible to the decapping enzyme during translation ( Supplementary Fig. 1 ). Finally, we note that co-translational mRNA degradation makes sense from an evolutionary point of view. Specifically, the three steps of decay each serve systematically to limit translational events without interfering with them. Deadenylation may reduce translational efficiency, perhaps through loss of the poly(A) binding protein, Pab1p 16 or association of decapping regulators 5 . mRNA decapping inhibits further translation initiation events. Finally, degradation from the 59 end while the mRNA is ribosome associated ensures decay does not impede residual ribosomes undergoing translocation. In this way, the final polypeptide expressed before the mRNA is destroyed is full length and functional.
METHODS SUMMARY
All experiments were performed using early log phase cells grown at 24 uC in synthetic medium containing appropriate sugars. RNA and polysome analyses were performed as described previously 5 . The cRT-PCR assay was performed as described previously 11 with oJC620 for reverse transcription and oJC620/oJC635 for PCR amplification. The PGK1 RC reporter was generated from fragments amplified from a previously described PGK1 reporter 9 using oJC558/oJC556 and oJC557/oJC559; fragments were combined to produce a template for amplification of full-length PGK1 RC using oJC558/oJC559, followed by cloning onto the PGK1 reporter backbone at the BamHI and HindIII sites. Affinity purification of polyribosomes was performed as described previously 10 . Detection of endogenous decapped mRNA was achieved by ligating an RNA adaptor (oJC706) to the 59 end of decapped mRNA by splinted ligation, removing the DNA splint by DNase I, complementary DNA (cDNA) synthesis by Superscript II reverse transcriptase using a gene-specific primer, and DNA amplification by PCR using a primer complementary to the RNA adaptor and a gene-specific primer. a, The PGK1 RC reporter is depicted. b, Northern blot analysis of PGK1 RC mRNA after sucrose gradient fractionation. RNA detected using a 59 or 39 probe as depicted in a. WT, wildtype. c, The same analysis as in b performed in dcp2D cells. d, Splinted-ligation RT-PCR assay to detect endogenous decapped mRNA in wild-type cells. An RNA adaptor is ligated specifically to decapped mRNA by a DNA splint by T4 DNA ligase. The DNA splint is removed by DNase I treatment and the ligation product is detected by RT-PCR using a gene and adaptor-specific primers. The PCR product is indicative of decapped mRNA. e, Splinted-ligation RT-PCR analysis for endogenous PGK1 and RPL41A mRNAs on total RNA from wild-type and dcp2D cells. 1TAP, total RNA treated with tobacco acid pyrophosphatase to remove the 59 cap in vitro; 2ligase, no T4 ligase; 2RT, no reverse transcriptase; 2cDNA, no cDNA template added to PCR. f, RNA recovered from sucrose gradient fractions of wild-type cell lysate was analysed by splinted-ligation RT-PCR or northern blot using gene-specific probes.
METHODS
Yeast strains and growth conditions. The genotypes of all yeast strains used in this study are listed in Supplementary Table 1 . Unless indicated, all strains are based on BY4741. Cells were grown in standard synthetic medium (pH 6.5) supplemented with appropriate amino acids and either 2% glucose, 2% galactose/1% sucrose, or 2% sucrose as the carbon source. All cells were grown at 24 uC and collected at mid-log phase (3.0 3 10 7 cells ml 21 ). Plasmids and oligonucleotides. The plasmids and oligonucleotides used in this study are listed in Supplementary Table 2 . To construct the PGK1 RC (pJC314) and SL-PGK1 RC (pJC320) reporters, DNA amplified from either pJC296 (PGK1) or pJC134 (SL-PGK1) using oligonucleotides oJC558/oJC556 and oJC557/oJC559 was combined and used as the template for amplification of full-length PGK1 using oligonucleotides oJC558/oJC559. Full-length fragments were cloned into the HindIII and BamHI sites of pJC296. The PGK1 RC390 (pJC372) was constructed in a similar manner using oJC558/oJC824 and oJC559/oJC825. The PTC was introduced into pJC314 by site-directed mutagenesis using oligonucleotides oJC611/ oJC612, resulting in pJC327. The PGK1 short (pJC349) was made by introducing a stop codon into codon 21 of pJC331 using oJC676/oJC677. Northern RNA analysis. Northern RNA analysis was performed as previously described 5 . For the mRNA half-life measurements in Supplementary Fig. 4A , cells with the PGK1 RC reporter (pJC314) were grown in 2% galactose, 1% sucrose synthetic media and collected at mid-log phase (3.0 3 10 7 cells ml 21 ). Transcription repression was achieved by re-suspending collected cells in media containing 4% glucose. After transcriptional repression, cell aliquots were removed and isolated total RNA (30 mg) was analysed by electrophoresis through 1.4% formaldehyde agarose gel. For transcriptional pulse-chase experiments in Fig. 2b, yJC182 expressing pJC331 was grown in 2% sucrose synthetic media. At mid-log phase, 2% galactose was added and cells incubated for 10 min. Transcription was inhibited by collecting cells and re-suspending in 2% glucose-containing media. Aliquots were removed over time and isolated RNA (30 mg) analysed by 6% PAGE. In Fig. 3b, c and Supplementary Figs 5-9 , yJC151 was transformed with the appropriate reporter plasmids and grown in synthetic media contain 2% galactose/1% sucrose. Cells were harvested at midlog phase, RNA isolated and analysed (30 mg) by 6% PAGE. Northern analyses were performed using radiolabelled oligonucleotide or RNA probes. Specifically, endogenous PGK1 was detected using oRP25 (ref. 9), endogenous RPL41a with oJC124, endogenous MFA2 with an in vitro synthesized RNA from pJC313, PGK1 reporters with oRP121, and U1snRNA using oJC652. Polyribosome analysis. All polyribosome analysis (with the exception of those shown in Figs 2e-g and 3b) were performed as previously described 5 but with the following modifications. Specifically, cells grown to mid-log phase were treated with cycloheximide to a final concentration of 100 mg ml 21 and collected by centrifugation. Cell pellets were lysed in buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 30 mM MgCl 2 , 500 mg ml 21 heparin, 1 mM DTT, 100 mg ml 21 cycloheximide) by bead bashing, and Triton X-100 was added to a final concentration of 1%. All gradients were made on a Biocomp gradient maker and were 15-45% weight/weight (sucrose to buffer (50 mM TrisAcetate pH 7.0, 50 mM NH 4 Cl, 12 mM MgCl 2 , 1 mM DTT)). Unless otherwise indicated, 20 units (OD 260 ) of cell lysate were loaded onto each gradient. Gradients were centrifuged at 37,000 r.p.m. for 3 h at 4 uC in a Beckman SW-41Ti rotor and fractionated using a Brandel Fractionation System and an Isco UA-6 ultraviolet detector. RNA was isolated as previously described 8 . For cross-linking experiments (Fig. 3b ), formaldehyde was added to mid-log phase cells to a final concentration of 0.25%. Cells were incubated at 24 uC for 5 min (with shaking) before the addition of glycine to a final concentration of 125 mM to inhibit further cross-linking. Cells were further incubated at 24 uC for 10 min (with shaking) before collection. Cell lysis was performed as described (see above). For experiments in Fig. 2e -g, cells were grown in media containing 2% galactose/1% sucrose. At mid-log phase, cell growth media was exchanged with media containing 2% glucose to shut off transcription of the PGK1 reporter. Where described, cycloheximide was added simultaneously to a final concentration of 25mg ml 21 , culture aliquots removed, cells collected and RNA isolated and analysed as described above. For experiments in Fig. 2d , cells were grown to mid-log phase in media containing 2% sucrose, and reporter expression was induced by the addition of 2% galactose. Cells were incubated for 10 min before exchanging the media with that containing 2% glucose, and cell aliquots were removed at various times. Polyribosomes were isolated and analysed as described above, except that gradient fractions were pooled into RNP (fraction 1-5) and polyribosomes (fraction [6] [7] [8] [9] [10] [11] [12] [13] [14] . Ribosome and polyribosome affinity purification. Ribosomes and polyribosomes were affinity purified as previously described 10 . Using 500 ml anti-Flag agarose matrix (Sigma) and 20 units (OD 260 ) cell lysate. Primer extension. Primer extensions were performed as previously described 9 .
Briefly, polyribosome analysis was performed on cell lysate from xrn1D cells and RNA was extracted from each fraction. Primer extension was performed on 15 mg of total cellular RNA using SuperScript II (Invitrogen) and a radiolabelled oligonucleotide. Primer extension products were analysed on 8% polyacrylamide/ 7M urea gels followed by PhosphorImager analysis. Poly(A) tailing assay. A schematic of the technique used to assay mRNA poly(A) tail length is shown in Supplementary Fig. 2e . Briefly, RNA purified from either unfractionated or fractionated whole-cell lysates was treated with purified yeast poly(A) polymerase and GTP:ITP to add a G:I tail to the 39 end of RNA. Reverse transcription (MMLV Reverse Transcriptase, USB) was performed with oJC639. Poly(A) tails were detected using oJC640 and a gene-specific forward primer for PCR (oJC791 for MFA2 mRNA). The sample labelled A0 (unadenylated mRNA product) was generated by PCR using oJC789 and oJC790. PCR products were separated on 3% agarose gels followed by staining with SYBRGold (Invitrogen) or ethidium bromide. Stained gels were visualized and imaged using the ChemiGenius two-gel dock. cRT-PCR. The cRT-PCR assay used to detect decapped mRNA has been described previously 11 . Briefly, RNA purified from either unfractionated or fractionated whole-cell lysates was treated with T4 RNA Ligase (Promega). Ligated RNA was reverse transcribed through the junction by incubation with oJC620 and SuperScript II RT (Invitrogen) at 37 uC. cDNA was amplified by PCR using oJC620 and oJC635. PCR products were separated on 2% agarose gels followed by staining with ethidium bromide. Stained gels were visualized and imaged using the ChemiGenius two-gel dock. Splint-ligation RT-PCR. Splinted-ligation of RNA was performed as described previously 17 . Briefly, an RNA adaptor (oJC706) was ligated to the free hydroxyl of a decapped mRNA facilitated by a gene-specific DNA splint. Ligation reactions were performed for 16 h at room temperature. After removal of the splint by DNase I treatment, the gene-specific primer was used for reverse transcription to synthesize cDNA using SuperScript II (Invitrogen). cDNA served as the template for PCR amplification using a primer complementary to the RNA adaptor (oJC707) and the gene-specific primer used in reverse transcription. PCR products were resolved by PAGE on 8% native gels and stained with ethidium bromide.
